Temporal contextual memory and event memory were compared across retention intervals in the patient H.M. who is amnesic following bilateral medial temporal lobectomy. Memory for temporal context was assessed using verbal and nonverbal recency discrimination tasks and a frequency task in which subjects made discriminations between words repeated 1, 3 or 5 times. The tests evaluated event memory under parallel conditions by two-choice content recognition tasks. In both recency and frequency tests, H.M. showed above-chance and often normal temporal contextual memory under conditions of impaired and even chance-level content recognition. These results show that temporal contextual memory does not require intact content recognition and is independent of medial temporal lobe structures. Furthermore, the amnesia of bilateral medial temporal lobe resection does not manifest primary loss of temporal contextual memory.
INTRODUCTION
Studies of normal subjects have indicated that information related to the recency and frequency of past events may be processed in memory independently from information related to the content of those events (e.g., Hasher and Zacks, 1979) . Evidence for the anatomical substrate of the different cognitive processes has been provided by Milner (1971) and Corsi (1972) . In patients treated by focal cortical excision for epilepsy, unilateral temporal lobectomy was associated with mild material-specific memory deficits but preserved recency discrimination, whereas frontal resections resulted in recency discrimination deficits but normal content recognition. These results suggest that recency discrimination is served by the frontal lobes and content recognition by the temporal lobes, although not necessarily exclusively so in either case. Similarly, Milner (1983, 1988) demonstrated that estimation of frequency of occurrence of nonverbal material is most susceptible to disruption by lesions in the right frontal lobe, whereas only right temporal lobe excisions impaired nonverbal recognition. For verbal material, right frontal, right temporal and left temporal lobe excisions had no effect on frequency estimation; cases of left frontal lobectomy were not reported (Milner et al., 1985) .
The application of these findings to interpretation of the amnesic syndrome is less clear. In amnesia, the memory deficit is more severe than can be accounted for by the sum of unilateral material-specific memory deficits (Corsi, 1972) and amnesic syndromes may be produced from lesions in a number of brain regions . These findings suggest that cognitive processes in amnesic syndromes may not be predictable simply from the results of experiments with patients who have material-specific memory deficits and focal brain lesions. Although cases of unilateral temporal lobectomy showed preserved recency and frequency discrimination, it is unclear whedier such performance would remain normal if content recognition were severely impaired, and whether the patterns of deficit in content recognition and discrimination of recency and frequency would differ according to the aetiology of the amnesia and the nature of the memorized material.
Some studies of amnesic syndromes have shown a deficit in recency discrimination (Hirst and Volpe, 1982) or in memory for broad temporospatial context (Huppert and Piercy, 1976) when content recognition was intact. Observations in Korsakoff s syndrome (KS) showed disproportionate impairment in frequency estimation although, in these cases, recall of content was also markedly impaired (Strauss et al., 1985) . These studies suggest that the amnesic syndrome may be based upon a selective loss of temporal or temporospatial context. Generalization of these results to all amnesic syndromes is not justifiable, however, for two reasons. First, Squire et al. (1981) showed that patients with KS had disproportionate deficits in temporal ordering compared with patient N.A. and patients amnesic from bilateral electroconvulsive therapy; frontal lobe pathology in KS was postulated as the basis of the difference. The mixed group of amnesic patients in the study of Hirst and Volpe (1982) included cases of anterior communicating artery aneurysm rupture, hypoxia and head injury, conditions that are also associated with frontal lobe damage (Blackwood and Corsellis, 1976; Gade, 1982) and that may therefore show disproportionate deficits in temporal ordering. Secondly, the normal content recognition of the patients in both studies did not permit evaluation of the nature of the relative deficit in recency discrimination when content recognition is severely impaired, especially because loss of temporal contextual memory is an early consequence of degraded memory for content, even in normal subjects (Squire et al., 1981) . In order to evaluate the generality of the clinicopathological findings of Milner and her colleagues (Milner, 1971; Corsi, 1972; Milner, 1983, 1988) for severe global amnesia due to circumscribed cerebral pathology, we investigated content recognition and discrimination of recency and frequency in the patient H.M. who became severely amnesic as a result of bilateral temporal lobe resection for epilepsy in 1953 (Scoville and Milner, 1957; Corkin, 1984) . Discrimination of recency and frequency and recognition of content were measured under parallel forgetting conditions. In this way, temporal contextual memory was evaluated at all levels of content recognition from normal to chance performance. Partial reports of this study were presented previously (Sagar et al., 1984; Sagar and Sullivan, 1988) .
METHODS

Subjects
The participants were the amnesic patient H.M. (Scoville and Milner, 1957; Corkin, 1984) who, at the time of testing, was aged 58 yrs and had had 12 yrs of education, and 10 normal control subjects (mean age 62.8 yrs; mean yrs of education 13.5). Verbal Temporal Ordering (VTO) Test. This test, modified from Hirst and Volpe (1982) , consisted of a series of 493 nouns that were displayed on a computer screen at a rate of one every 2 s. Each word contained 4, 5 or 6 letters and had a frequency rating in the English language of 25 times per million or more (Kucera and Francis, 1967) . At random intervals throughout the display, one of two types of item appeared on the screen: content recognition tests contained a previously presented word and a foil; recency discrimination tests contained two previously presented words. The test questions 'Which of these words have you seen on this test?' or 'Which of these words did you see more recently?' appeared at the top of the screen and were also spoken by the examiner. The two alternative answers subsequently appeared side-by-side underneath the question on the screen.
Procedure
The test questions appeared at various intervals after stimulus presentation. The duration of each stimulustest interval was defined as the number of intervals between events, where an event was either another stimulus word or a test question. For example, where a question immediately followed stimulus presentation, the stimulus-test interval was 1 and there were no intervening events; where a question was the third item after stimulus presentation, the stimulus-test interval was 3 and there were 2 intervening items that could be stimulus words or test questions relating to earlier stimulus words. The position of a content recognition question was defined by one such interval. Recency discrimination questions examined two previously presented words; the position of a recency discrimination question was therefore defined by two intervals, one corresponding to each word examined in the test.
For content recognition, the stimulus-test intervals were 1, 3, 6, 10, 15, 25, 50, 100 and 150; there were 5 exemplars at each position. For recency discrimination, all possible pairings of these stimulus-test intervals were used (1-3, 1-6, 1-10 ... 50-100, 50-150, 100-150); there were 5 exemplars for each pairing.
Test questions were presented in random order, subsequently modified to equalize the proportion of test questions and single word stimuli within each stimulus-test interval. The 2 words presented as choice responses in each test of content recognition or recency discrimination were matched for word length and frequency. For each stimulus-test interval, the 5 exemplars of each type of test (content recognition or recency discrimination) were matched for word length and frequency to the list as a whole; content recognition and recency discrimination test responses were similarly matched to each other. In the two-choice tests, 50% of the correct responses appeared on the left half of the screen and 50% on the right in random order.
During administration of the test, subjects were seated beside the examiner and in front of the screen. They were instructed to read each word aloud and to remember the words in their order of appearance. .Subjects gave oral responses to the questions in unlimited time. The examiner entered the response into the computer at the same time as he instructed the subject 'Keep on reading'. The registration of the response triggered the appearance of the next stimulus word.
In order to increase the number of data points for recognition memory, patient H.M. was given the VTO test on 5 occasions between 4 days and 2 months apart. Three of these tests were given in the form described. The remaining 2 tests were modified to conform more closely to the procedure of Milner (1971) and Corsi (1972) . Thus these 2 tests employed one question 'Which of these words did you see more recently?' to test both content recognition and recency discrimination throughout the test. In all other respects, the procedure was identical to that described for the remaining 3 tests. Comparison of performance across the two conditions allowed us to examine directly the effect of the different test procedures on H.M.'s recognition memory and recency discrimination.
Nonverbal Temporal Ordering (NVTO) Test. This test followed the same procedure as VTO but used as stimuli abstract wallpaper designs mounted on 5x8 inch cards. Designs were selected that could not easily be labelled verbally. Subjects sat opposite the examiner and were presented with cards at a rate of one every 2 s. Subjects were instructed to look carefully at the designs and to remember them in their order of appearance. Responses were recorded by hand by the examiner. In all other respects, the test was identical with VTO.
NVTO was given to H.M. on 4 occasions, between 4 days and 2 months apart. Three of these tests were given in the form described. The remaining test employed the one question condition described under VTO.
Verbal Frequency Test. The verbal frequency test consisted of 957 nouns with a frequency rating in the English language of 25 or more (Kucera and Francis, 1967) displayed on a computer screen at a rate of one every 2 s. The word list, comprising equal numbers with 4, 5 and 6 letters, was structured in 33 blocks with 29 words per block. Within each block, 3 words each occurred once, 3 others each 3 times and a further 3 words each 5 times, distributed pseudorandomly through the block. These words formed the stimulus items. The remaining two words were placed at the end of each block as buffer items and were not used as test stimuli. For each frequency of repetition (1, 3 or 5) within each block, there was therefore a triad of different words, each of which formed the item of a subsequent content-recognition or frequency-discrimination test. Two choice word-recognition (content) or frequency-discrimination questions occurred between blocks, sampling words from blocks earlier in the test. Content-recognition tests comprised a previously presented word and a foil; recency-discrimination tests comprised 2 words presented a different number of times (1, 3 or 5) within the same block. The test questions 'Which of these words have you seen on this test?' or 'Which of these words did you see more often?' appeared at the top of the screen and were also spoken by the examiner. Immediately after the question was read by the examiner, the two alternative answers appeared side-by-side underneath the question on the screen.
Separate content-recognition questions examined one word from each triad within each block, thereby sampling words appearing 1, 3 and 5 times. Separate frequency-discrimination questions examined all possible pairings of word frequency (1 -3, 1 -5, 3-5) within the same block, using the remaining words of each word triad. The words used as stimuli in different blocks were matched for length and frequency in the English language; the two choices of each content-recognition or frequency-discrimination question were similarly matched to each other. The three content-recognition and three frequency-discrimination questions pertaining to a given block were presented sequentially in pseudorandom order at various intervals after stimulus presentation. The stimulus-test interval was defined as the number of 29-word blocks intervening between presentation of a block and the questions relating to that block.
Questions pertaining to the first 17 blocks (early blocks) appeared during presentation of the test at stimulustest intervals of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, 15, 18, 21, 24, 27 and 30 . Questions pertaining to the last 16 blocks (late blocks) appeared sequentially at the end of the test in an order corresponding to stimulustest intervals of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15. During administration of the test, subjects were seated beside the examiner in front of the screen. They were instructed to read each word out loud and to remember the words and their frequency of occurrence. Subjects gave oral responses to the questions in unlimited time. The examiner entered the response into the computer at the same time as he instructed the subject 'Keep on reading'. The registration of the response triggered the appearance of the next stimulus word.
The verbal frequency test was given to H.M. on 5 occasions over 2 months. Three of these 5 tests were given in the form described. The remaining 2 tests employed one question 'Which of these words did you see more often', to parallel the procedure of the VTO and NVTO tests.
RESULTS
In the analysis of results, normal performance was taken as the range of scores of the normal control group. Except where indicated, the pattern of results was qualitatively identical when the normal range was expressed as 95% confidence limits.
Analysis of results of individual subjects showed variability of performance but no normal control subject achieved scores in content recognition as low as those of H.M. on the first trial. Content recognition and recency discrimination were not correlated in the normal control group (for VTO total scores, r = 0.09; NVTO, r = 0.41, P = 0.24). Thus it was not possible to compare H.M.'s recency discrimination with that predicted from the content recognition scores of the control group. Moreover, H.M.'s performance overlapped that of the normal control subjects. In order to determine systematic differences between H.M.'s performance and that of normal subjects, group statistics were therefore adopted, based upon the scores of the normal control group and the repeated trials of H.M. In this analysis, H.M.'s trials were assumed to be independent for statistical purposes. Although potentially fallacious for a within-subjects analysis, this procedure is acceptable for H.M. for the following reasons. First, the known properties of H.M.'s amnesia render implausible the suggestion that his declarative memory performance would gain from repeated trials often months apart; and secondly, analysis of his performance across trials suggests statistical independence between trials. Analysis of performance on multiple trials showed that H.M.'s performance was variable (e.g., Table 1 ) but there was no significant improvement across trials (using Friedman's analysis of variance, corrected for ties: for VTO content, x 2 = 9.27, recency x 2 = 4.95; for NVTO content, x 2 = 133, recency = 1.39). Content recognition on VTO trial 3 was significantly superior to that of both trial 1 (Wilcoxon Z = 2.41, P < 0.02) and trial 5 (Z = 2.0, P < 0.05). In order to address the possibility of interaction between trials, however, results are presented for the first trial of each test separately from the results pooled across all trials for each test.
Recency discrimination
Total scores. For the multiple trials, H.M.'s performance did not differ between test conditions in which a single recency discrimination question was used to examine content recognition as well as recency discrimination and those in which different questions were used for each type of judgement (Table 2) . Accordingly, the results of all 5 tests were pooled for further analyses. A repeated measures ANOVA of Group x Task examined content and recency judgements (Tasks) in H.M. (Multiple trials) and normal control subjects (Groups) for the VTO and NVTO tests separately. Significant main effects were found for Group and Task on both types of test (for Groups, VTO F(l,l) = 6.03, P < 0.03; NVTO F(l,l) = 5.39, P < 0.05. For Tasks, VTO F(l,l) = 16.1, P < 0.002; NVTO F(l,l) = 43.0, P < 0.001). Thus H.M. was significantly impaired in verbal and nonverbal content recognition but was normal in recency discrimination on both types of test (Table  1 ). The GroupxTask interaction was significant on the NVTO test (F(l,l) = 7.42, P < 0.02) but not on the VTO test (F(l,l) = 3.29, P < 0.10), supporting a disproportionate deficit in nonverbal recognition relative to recency discrimination in H.M. In control subjects, content recognition scores were higher than recency discrimination scores on the VTO and the NVTO test (P < 0.01). In H.M., however, content recognition was not superior to recency discrimination on either test (Table 1) .
Binomial probabilities of above-chance performance by H.M. were calculated for content and recency scores at each interval on the VTO and NVTO tests. For VTO, H.M. achieved above-chance performance on content at intervals of 1 (P < 0.001), 3 {P < 0.01) and 15 (P < 0.02) and, on recency, at 1, 3, 6 and 10 (P < 0.001). For NVTO, he achieved above-chance performance for content at 1 (P < 0.002) and 15 (P < 0.01) and for recency at 1 (P < 0.001) and 6 (P < 0.01). Using the strict Bonferroni correction for multiple analysis, significance was defined as P < 0.003 for the 17 analyses of each test. By these criteria, H.M. achieved above-chance performance on VTO recency discrimination at stimulus-test intervals of 1, 3, 6 and 10 but on content recognition at only 1. For NVTO, he achieved above-chance recency discrimination and content recognition at an interval of 1 but was at chance at all other intervals. The results on the VTO test indicate that H.M. is able to achieve above chance performance on recency discrimination when his corresponding content recognition is at chance levels.
On the first trial of each test, H.M.'s total scores on recency discrimination were normal, despite impaired content recognition in both types of test. When the normal range was expressed as 95% confidence limits, H.M.'s performance on verbal content recognition remained abnormal, but his scores on verbal recency discrimination and on both the nonverbal tasks fell within the normal range (Table 1) . Effect of interval. For the analysis of multiple trials, repeated measures ANOVA of Group x Interval were performed separately for content recognition and recency discrimination on the VTO and NVTO tests. Significant main effects were found for Group on verbal (F(l ,8) = 6.45, P < 0.025) and nonverbal content recognition (F(l ,8) = 6.96, P < 0.025) but not on verbal (F(l ,7) = 0.50, P = 0.49) or nonverbal recency discrimination (F(l ,7) = 2.47, P = 0.14). Significant main effects were found for Interval on verbal content recognition (F( 1,8) = 6.31, P < 0.001), and verbal (F( 1,7) = 26.7, P < 0.001) and nonverbal recency discrimination (F(l,7) = 7.76, P < 0.001) but not on nonverbal content recognition (F(l,7) = 1.06, P = 0.40). The GroupxInterval interaction was significant only for nonverbal content recognition (F(l,8) = 2.69, P = 0.01) (Table 3 ; figs 1, 2).
These analyses reflect deficits in content recognition, but not recency discrimination in H.M. Moreover, nonverbal content recognition differed qualitatively in its relationship with stimulus-test interval from verbal content recognition or verbal and nonverbal recency discrimination ( fig. 2) .
In content recognition, control subjects showed different forgetting curves for verbal and nonverbal material despite similar total scores in both tests. Content recognition of verbal material followed a classical forgetting function; performance declined acutely as the stimulus-test interval increased ( fig. 1 ). For nonverbal material, however, the function was 'flat'; performance at longer stimulus-test intervals was similar to that at shorter stimulus-test intervals ( fig. 2) . In control subjects, forgetting curves for verbal and nonverbal recency discrimination were qualitatively similar to each other but steeper than the corresponding curves for content recognition. Thus, for both classes of material, performance in recency discrimination declined more abruptly with increasing stimulustest interval than did content recognition.
On the first trial, H.M.'s performance was qualitatively similar to his results from the pooled trials (Table 3) . Thus H.M. resembled control subjects in showing inferior content recognition and recency discrimination at longer stimulus-test intervals than at shorter intervals, but the patterns of performance for content recognition and recency discrimination differed qualitatively from each other. In the VTO test, the forgetting curve of content recognition by H.M. was much steeper than that of control subjects, such that his performance at a stimulus-test interval of 3 was at the lowest limit of the normal range, and at a stimulus-test interval of 6 or more had fallen well outside the normal range to change levels (Table 3) . For verbal recency discrimination, by contrast, the forgetting curve for H.M. mirrored much more closely that of control subjects: his performance was normal at all stimulus-test intervals, and he achieved above-chance performance up to stimulus-test intervals of 10 or more. At stimulus-test intervals of 3 and 6, H.M. 's recency discrimination was superior to his content recognition, a pattern that was the reverse of that found in control subjects. A similar pattern of performance was seen in H.M.'s results on the NVTO test (Table 3) . Despite chance performance on content recognition at longer stimulus-test intervals, H.M.'s performance on recency discrimination was normal throughout, including the longer intervals where, unlike control subjects, his performance in recency discrimination was superior to his recognition of content.
When the normal ranges were expressed at 95% confidence intervals, H.M.'s content recognition on the VTO test at a stimulus-test interval of 3 was clearly below the lower limit of normal, but the remaining results were qualitatively identical.
In summary, (1) H.M. achieved normal verbal and nonverbal recency discrimination under conditions of impaired content recognition; (2) he showed above-chance performance on verbal recency discrimination when content recognition, examined under parallel conditions, was at chance level; and (3) for nonverbal material, a significant Group x Task interaction indicated a disproportionate impairment in content recognition relative to recency discrimination by H.M.
Frequency discrimination
Total scores. For the multiple trials, H.M.'s performance did not differ between test conditions in which a single frequency discrimination question was used to examine content recognition as well as frequency discrimination and those in which different questions were used for each type of judgement (Table 2) . Accordingly, the results of all 5 tests were pooled for further analysis (Table 4) . A repeated measures ANOVA of Group xTask examined content and frequency judgements (Tasks) in H.M. (Multiple trials) and normal control subjects (Groups) for the early and late blocks separately. Significant main effects were found for Group and Task under both conditions (for Group, early blocks F( 1,1) = 113, P < 0.001; late blocks F(l,l) = 10.8, P < 0.01; for Task, early blocks F(l,l) = 53.1; late blocks, F(l,l) = 48.4, P < 0.001). Thus H.M. was significantly impaired in content recognition and frequency discrimination under both conditions. The GroupXTask interaction was significant on the early blocks (F(l,l) = 30.2) and the late blocks (F( 1,1) = 30.1, P < 0.001). Inspection of the total scores, however, indicates that this interaction is a likely floor effect due to overall chance performance by H.M. on both content and frequency judgement (Table 4) . The scores of healthy control subjects in content recognition and frequency discrimination were lower for the late blocks than for the early blocks (P < 0.01, Table 4 ). This decline in performance of control subjects from early to late blocks was more marked for frequency discrimination (mean 15.7% decline) than for content recognition (mean 9.5% decline). In early and in late blocks, the performance of control subjects in content recognition was superior to that in frequency discrimination (P < 0.01). In both the early and late blocks, H.M. achieved total scores at or near chance performance on content recognition and frequency discrimination, which did not differ from each other.
On the first trial, in contrast to the pattern in control subjects, H.M.'s performance in the late blocks improved relative to the early blocks in content recognition and in frequency discrimination. For content recognition, his score rose from chance levels on the early blocks, well below the lower limits of the normal range, to the lower limits of the normal range on the late blocks. For frequency discrimination, his improvement from the early to the late blocks was more marked: his performance rose from chance levels on the early blocks to the upper limits of the normal range on the late blocks. Moreover, in contrast to the pattern of performance of control subjects, his frequency discrimination was superior to his content recognition on the late blocks (Table 4) .
Effect of interval. For the analysis of multiple trials ( fig. 3) , repeated measures ANOVA of Group x Interval were performed separately for content recognition and frequency discrimination on the early and late blocks. Significant main effects were found for Group in content recognition on the early (F(l ,4) = 117, P < 0.001) and the late blocks (F(l ,3) = 39.4, P < 0.001) and for frequency discrimination on the early (F(l,4) = 17.2, P < 0.002), but not the late blocks. Significant main effects for Interval were found for content recognition (F(l,4) = 6.29, P < 0.001) and frequency discrimination (F(l,4) = 5.32, P < 0.002) on the early but not the late blocks. The lack of significance in some analyses of data from the late blocks may be due to a floor effect in performance on frequency discrimination ( fig. 3) .
On the early blocks, the interaction Group x Interval was significant for content recognition (F(l,4) = 5.01, P < 0.002) but not frequency discrimination (F(l,4) = 1.40, P = 0.25). No interactions were significant for the late blocks.
Because of the floor effects on the late blocks, all further analyses were confined to the early blocks. One-way ANOVA were used to compare the performance of H.M. and normal control subjects at each stimulus-test interval. For content recognition, H.M. showed impaired performance at intervals of 0-2, 3-5, 6 -8 and 18 -30 (P < 0.001) but not 9-17 (P = 0.18). For frequency discrimination, by contrast, he was impaired at the longest interval, 18-30 {P < 0.001) but not at any of the shorter intervals, 0-2 (P = 0.80), 3-5 (P = 0.08), 6-8 (P = 0.49), 9-17 (P = 0.06). Over the first 8 blocks, but not beyond, he scored above chance on frequency discrimination (binomial probability, P < 0.005) but not content recognition. Thus where his frequency performance was above chance levels (intervals 0-8) he performed normally on frequency discrimination despite chance performance in content recognition. This finding was confirmed in a Group x Interval ANOVA for the first 8 blocks which showed significant Group effects for content recognition (F(l,2) = 130, P < 0.001) but not for frequency discrimination (F(l,2) = 2.29, P = 0.15). Moreover, the ANOVA GroupxTask for the first 8 blocks showed a significant interaction (F(l,l) = 30.8; P < 0.001); unlike the significant GroupxTask interaction on the total scores, this result is unlikely to be an artefact due to floor effects in performance.
On the first trial in the early and in the late blocks, content recognition and frequency discrimination by control subjects declined as the stimulus-test interval increased except frequency discrimination in the late blocks, which was at chance performance levels at all stimulus-test intervals (fig. 4) .
In the early blocks, content recognition by H.M. was at or around chance levels at all stimulus-test intervals. By contrast, frequency discrimination over the first 3 blocks was well above chance performance and towards the upper part of the normal range of scores. With increasing stimulus-test intervals, his frequency discrimination in the early blocks dropped abruptly to chance levels. In the late blocks, his content recognition was again at chance levels at all stimulus-test intervals but frequency discrimination remained above chance levels at all stimulus-test intervals. In contrast to content recognition on which, in general, he scored below or in the lower part of the normal range, his frequency discrimination was above or in the upper part of the normal range of scores at all stimulus-test intervals.
The high scores of H.M. on frequency discrimination are unlikely to result from chance alone. Binomial probability analysis indicates that his frequency discrimination on the late blocks is significantly above chance performance (P < 0.05) whereas content recognition is at chance levels (P = 0.24).
Effect of item repetition. For the multiple trials ( fig. 5 ) content recognition for items repeated 1, 3 or 5 times was compared between H.M. and normal control subjects using repeated measures ANOVA of Group x Repetition. In the early blocks, main effects were found for Group (F(l,2) = 114, P < 0.001) and Repetition (F(l,2) = 5.47, P = 0.01) with no interaction (P = 0.10). In the late blocks, there were significant Group effects (F(l,2) = 23.3, P < 0.001) but no significant repetition effects or interaction, possibly due to floor effects in performance. Content recognition on the early blocks was better for items repeated 3 or 5 times than for items viewed only once, and normal control subjects performed better than did H.M.
Frequency discrimination of 1 vs 3, 1 vs 5 and 3 vs 5 repeated items was compared . Scores (mean % correct) for H.M. and control subjects (n = 10) related to retention interval for the early (top row) and late (bottom row) blocks of the Frequency test (first trial). Vertical bars denote the ranges of control scores. In the late blocks, H.M.'s content recognition was at chance levels but his frequency discrimination was significantly above chance and approaching the level of the best control subject. Symbols as in fig. 1 . between H.M. and normal control subjects using an ANOVA of GroupXRepetition (1 vs 3, 1 vs 5, 3 vs 5). In the early blocks, main effects were found for Group (F(l,2) = 28.8, P < 0.001) and Repetition (F(l,2) = 8.18, P < 0.002) with no interaction. No significant effects were found for performance on the late blocks, possibly due to floor effects in performance. Discrimination of 3 vs 5 repetitions was inferior to 1 vs 3 and 1 vs 5 discriminations and H.M. performed inferiorly to normal control subjects.
On the first trial, frequency discrimination by H.M. was, in general, best for 1 vs 3 repeated items. In the early blocks 1 vs 3 frequency discrimination was well into the normal range, whereas content recognition for once and thrice-repeated items was below the lower limit of the normal range and inferior to his 1 vs 3 frequency discrimination. Similarly, in the late blocks, 1 vs 3 frequency discrimination by H.M. was at the upper limit of the normal range and superior to his content recognition of once or thrice-repeated items, which were both towards the lower part of the normal range, approaching chance levels of performance. In the late blocks, 1 vs 5 and 3 vs 5 frequency discriminations by H.M. were also in the upper part of the normal range, and in both cases his performance was superior to his content recognition of words repeated 1, 3 or 5 times.
In summary, (1) H.M. showed above-chance frequency discrimination when content recognition was at chance levels; (2) under some circumstances, he showed normal frequency discrimination with impaired content recognition; (3) when his frequency discrimination was above chance performance, the scores were superior to his content recognition under equivalent conditions. This pattern was the reverse of that found in the control group; (4) content recognition and frequency discrimination by normal subjects declined from early to late blocks, but, on the first trial, H.M.'s performance improved.
DISCUSSION
The principal finding of this study was that amnesia due to bilateral medial temporal lobe resection is associated with relatively preserved judgements of recency and frequency despite severe impairment in classical recognition memory, namely memory for the content of past events or facts. Thus, on the temporal ordering and frequency discrimination tasks, H.M. sometimes showed normal, above-chance performance on the recency and frequency items under conditions of impaired, chance-level content recognition. His scores on recency discrimination were similar to his content recognition despite observations on control subjects that identify recency discrimination as the more difficult task. Moreover, unlike control subjects, his performance on frequency discrimination was often superior to his content recognition. Despite the evident variability of H.M.'s performance, it is unlikely that the observed differences between his content recognition and judgements of recency and frequency result from chance alone for the following reasons. First, the analyses are based upon multiple test administrations to H.M. which, in our present state of knowledge, can be assumed to be independent of each other. Secondly, the marked decline in his content recognition at stimulus-test intervals beyond immediate memory conforms to the known properties of his amnesic syndrome (Milner, 1962; Corkin, 1984; Corkin et al., 1985) . Thirdly, his preserved verbal recency discrimination at stimulus-test intervals of 1, 3, 6 and 10 each represents the mean of 125-200 observations and is unlikely to result from chance alone (P < 0.001). Fourthly, H.M. scored above chance on frequency discrimination on the early blocks 0 -8 (mean 65.2%) but was at chance performance on content recognition throughout. The observations on frequency discrimination and in content recognition on these blocks across 5 trials amounted to 135, so the experimental results are unlikely to be due to chance alone (P < 0.002).
Two conclusions can be drawn from these results. First, the findings of Milner (1971) and Corsi (1972) that unilateral temporal lobe lesions produce impaired content recognition with preserved recency discrimination apply also to bilateral temporal lobe lesions in which content recognition is much more severely impaired. Our findings suggest that cognitive processes serving recency and frequency discrimination may function independently of those involved in content recognition and depend on the integrity of different brain regions. Secondly, hypotheses of amnesia based upon specific loss of temporal contextual memory do not have general application and, specifically, do not explain the amnesia associated with bilateral medial temporal lobe lesions.
Cognitive processes involved in temporal judgements
Several models have been proposed to describe the cognitive capacities involved in temporal order judgement (Friedman and Wilkins, 1985) . Some models are based on access to temporal information in memory: indirectly, from the sequence of storage or trace-strength of the memorized material (Hinrichs, 1970) , or directly from temporalorder information that is encoded independently from information related to the content of the memorized material (Tulving and Madigan, 1970; Tzeng and Cotton, 1980; Zacks et al., 1984) . Other models invoke a higher order system in which temporal judgements are made through a cognitive sequencing process or by a mechanism that discriminates two independently encoded items, temporal or otherwise (Milner, 1971 (Milner, , 1974 Warrington and Weiskrantz, 1982; Warrington, 1985; Sagar and Sullivan, 1988; Sagar et al., 1988a, b) . Evidence for the existence of a temporal ordering system distinct from processes involved in memory for facts has been deduced in normal subjects from the differential effects on test performance of change in the learning strategy. Thus performance on tasks of memory for content information is better when subjects are given prior instructions to learn the test material (intentional learning) than when learning takes place incidentally to some other task, such as reading (Hasher and Zacks, 1979) . Recency discrimination, however, does not benefit from such a shift in learning strategy. Similar evidence has been claimed to support the notion of automatic encoding of information related to frequency of occurrence (Zacks et al, 1982) .
In our study, the preservation of recency and frequency discrimination under circumstances of impaired content recognition supports the view that temporal judgements are not made from stored information related to the content of memorized material, such as trace strength. The concept of automatic encoding, however, raises certain predictions that are not fulfilled by all the results of this study. Specifically, automatic encoding implies that learning would be unaffected by factors, such as motivation and stress, that influence cognitive capacity and would not be improved by training (Zacks et al., 1984) . In our frequency-discrimination test, the performance of normal subjects on content recognition and on frequency discrimination declined from the early to the late blocks. Although there are differences in the test format between the early and the late blocks, it is improbable that these differences could account entirely for the decline in performance of normal subjects; this group achieved a mean score in frequency discrimination of 63.3% at stimulus-test intervals of 18-30 on the early blocks, but performance fell to chance levels at all intervals on the late blocks. These results cannot be attributed to waning attention because subjects were required to read each word aloud throughout the test. Because the test duration was in excess of 1 h, it is likely that the main contribution to this alteration in performance was fatigue, which affected content recognition and frequency discrimination approximately equally. These results are . incompatible with the automatic encoding of frequency information which is assumed to require minimal processing capacity (Hasher and Zacks, 1979; Zacks et al., 1982) . Across the 5 trials, H.M. also showed fatigue effects in content recognition and frequency discrimination. On the first trial, however, the results were qualitatively different: he did not show the same fatigue effect in frequency discrimination on the late blocks as did control subjects and his scores were, in fact, superior to those of the early blocks. His correct frequency discrimination on the late blocks of 64.6% was the mean of 48 observations and is unlikely to result from chance alone. Moreover, his best frequency performance (on the late blocks) was comparable to the best performance of control subjects at 68.4% (on the early blocks) yet the corresponding performance for content recognition was markedly inferior (56.3% for H.M. late blocks; 84.9% for control subjects, early blocks; Table 3 ). Thus the difference in performance of H.M. and control subjects in frequency estimation on the late blocks suggests that fatigue may impair frequency judgements in normal subjects but not always in H.M. One mechanism by which this may occur is that normal subjects preferentially employ effortful processing in frequency judgements, particularly when instructed to remember frequency as in this study, whereas H.M. sometimes uses automatic processing.
Although H.M. showed preservation of temporal contextual memory relative to recognition memory, he certainly did not perform normally on the temporal contextual tasks under all conditions. On frequency estimation, his scores at the longer intervals on the early blocks were clearly abnormal. On verbal recency discrimination, differences from controls at longer intervals may be masked by floor effects in the control group; some normal subjects scored above chance performance at intervals of 25 -150 whereas H.M. did not. These observations suggest some interdependency between processes serving content memory and those concerned with temporal context. This lack of complete independence between content and context memory does not, however, invalidate the results suggesting separate systems for these two classes of information. Deutsch (1984) has suggested two complementary mechanisms for making temporal judgement, one based on summation of memory traces and one based on comparison between traces. Although he does not propose specific anatomical sites for these systems, the comparator may be frontally based and involve mediation, whereas the other may be more factually represented and be based on the limbic-diencephalic system. Lesions in either system may impair temporal contextual memory but, with limbic-diencephalic lesions, content memory is much more severely affected. With frontal lesions, the reverse pattern occurs and lesions in both systems, as in Korsakoff s syndrome, produce severe amnesia for both content and temporal context. Our results in H.M. are compatible with this hypothesis. Moreover, although speculative, the results of this study support a dual processing model of temporal contextual memory incorporating automatic/effortful and implicit/explicit distinctions in memory processing (Schacter, 1987) : one system is explicit, effortful, declarative and served largely by the limbic-diencephalic system; the other is automatic and served by a cognitive mediational system based on the frontal lobes. This automatic system, which is preserved in H.M., could also be explicit memory but is perhaps more likely to be a component of implicit memory which is known to be preserved in amnesia (Schacter, 1987) .
Temporal contextual memory in amnesic syndromes
The cardinal feature of the cognitive performance of an amnesic subject is failure of memory for past events whereas awareness of social skills, language and rules is, in general, preserved (Whitty and Lishman, 1966; Milner, 1982; Warrington and Weiskrantz, 1982; Corkin et al., 1985) . This observation has led to attempts to explain the poor performance of amnesic patients as a deficit in cognitive processes that are especially involved with temporal specificity. In normal subjects, memory processes concerned with autobiographical events specific to time and place (episodic memory) have been distinguished from those concerned with rules, language and world knowledge poorly defined by temporospatial context (semantic memory) (Tulving, 1972) . According to one view, amnesia comprises a selective loss of episodic memory Wood, 1975, 1982; Parkin, 1982; Schacter and Tulving, 1982a, b; Warrington and Weiskrantz, 1982; Wood et al., 1982) . More specific theories of amnesia have been based on a loss of encoding of information related to the time (Williams and Zangwill, 1950; Whitty and Lewin, 1960; Winocur and Kinsbourne, 1978; Hirst and Volpe, 1982) or temporospatial context (Huppert and Piercy, 1976) of past events, such that amnesic patients have difficulty in distinguishing the content of one past event from another.
Evidence to support these views of amnesia has been derived from studies in which amnesic subjects were shown to fail specifically on temporospatial judgements. Thus, for example, amnesic patients failed to recognize in which environmental setting they had viewed a series of pictorial stimuli despite adequate recognition of the pictures themselves (Huppert and Piercy, 1976) . In another study, amnesic subjects were unable to make normal judgements of recency between two stimuli but showed unimpaired recognition of the stimuli themselves (Hirst and Volpe, 1982) .
The results of our study show that loss of temporal contextual memory, insofar as it is measured by judgements of recency and frequency, is not a necessary accompaniment of severe global amnesia. Three possible explanations may underlie the difference in results between this study and those purporting to support temporal or temporospatial theories of amnesia.
First, recency judgements may be made in different ways according to the severity of the recognition deficit. Thus, for example, loss of temporal contextual memory in patients with mild impairment of content memory may simply be a reflection of degraded normal memory and not a special feature of amnesia (Squire et ai, 1981) . The severity of impairment in content recognition by H.M. in our study was greater than that of the patients described by Huppert and Piercy (1976) or Hirst and Volpe (1982) , at least as measured by the tests used. However, the performance of temporal contextual memory under conditions of severe amnesia may be qualitatively different from that of normal degraded memory or mild impairment in memory for content; strength of explicit memory traces may be the dominant mechanism when recognition is only mildly impaired but a separate system, implicit or automatic, may be invoked when recognition is severely disrupted.
Secondly, relative performance in content recognition and recency discrimination by amnesic patients may differ according to the aetiology of the amnesic syndrome. The studies of Squire et al. (1981) have shown that patients with Korsakoff s syndrome show a disproportionate difficulty in temporal ordering when compared with patient N.A. or patients treated with bilateral electroconvulsive therapy whose performance in content recognition did not suffer from those with Korsakoff s syndrome. Meudell et al. (1985) also found that recency discrimination in this syndrome was poorer than could be accounted for by impaired content memory when performance was compared with degraded memory of normal subjects. Studies by Milner and colleagues demonstrated that patients with frontal lobe resections showed impaired recency discrimination but normal content recognition; patients with unilateral temporal lobectomy, by contrast, showed normal recency discrimination but mild material-specific memory deficits (Milner 1971 (Milner , 1974 Corsi, 1972) . In studies of source amnesia, Schacter et al. (1984) have shown that poor recall or recognition of the source of learning, with unimpaired memory for the content of the learning episode, correlates with impaired performance on tests traditionally associated with frontal lobe dysfunction. Patients with Parkinson's disease, who show behavioural (Lees and Smith, 1983) and neurophysiological (Bes et al., 1983; Wolfson et al., 1985) evidence of frontal lobe dysfunction, were selectively impaired in recency discrimination using the VTO test of the study reported here (Sagar et al., 1985 . These findings, in combination with behavioural (Squire, 1982 , Moscovitch, 1982 and neuropathological (Lishman, 1981; Victor et al., 1971) evidence of frontal lobe dysfunction in Korsakoff s syndrome, suggest that specific temporalordering deficits in amnesia may be more frequent in those patients who have frontal lobe deficits .
Recently, Bowers et al. (1988) demonstrated impaired acquisition of temporal information in a patient whose amnesia was caused by a focal left retrosplenial lesion; no frontal lobe pathology was evident in vivo. This study indicates that temporal information processing may not depend exclusively on frontal lobe function but may nevertheless be independent of event memory and depend upon different brain regions. Our study adds further weight to this evidence in showing that pure bilateral temporal lobe lesions may produce severe amnesia for content with relative preservation of recency and frequency judgements.
Thirdly, the deficits in event memory in amnesic syndromes may, in some cases, involve impairment in processes concerned with time-tagged information. In our study, recency and frequency discriminations were not only less impaired in H.M. than was recognition of content but were also superior to content recognition, even when content recognition fell to chance levels of performance. Insofar as recency and frequency judgements involve discriminations between two or more independently encoded learning episodes, this result implies that information from each episode is processed in parallel in cognitive processes serving content recognition and temporal discrimination. Because, in both systems, this information relates to discrete learning episodes, it may carry specific time-tags. The function of these time-tags, however, differs between systems. In the system serving content recognition, the time-tags serve to identify each learning episode as a separate event, whereas, in the temporal discrimination system, the time-tags are used in formulating judgements between two or more such episodes. Assuming content recognition, as measured in our study, and event memory reflect functions of the same cognitive processes, the special deficits of temporal lobe amnesic patients in event memory may stem from loss of time-tagged information in content recognition processes but not in temporal discrimination processes.
Warrington and Weiskrantz have proposed that amnesia results from a disconnection between semantic memory processes served by the temporal lobes and a cognitive mediational memory system served by the frontal lobes (Warrington and Weiskrantz, 1982; Warrington, 1985) . Memoranda organized by visual imagery, the formation of associative links, semantic schemata and other cognitive mapping are believed to be encompassed by the cognitive mediational system. Because temporal discrimination involves comparative judgements between stimuli encoded independently, the preservation of those temporal discriminations in the amnesia of bilateral temporal lobe resection would be compatible with the existence of such a system. Furthermore, the selective failure of content recognition in H.M. may arise from disconnection between a cognitive mediational system and processes serving content recognition. The preservation of temporal discrimination despite disconnection, however, implies that such a cognitive mediational system has inputs that bypass this disconnection.
